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Flooding and waterlogging are frequent disasters that pose serious threats to the safety
of human lives and infrastructure. We propose a method of estimating the inundation area
in urban mountainous zones based on the soil conservation service curve number (SCS-CN)
model. Remote sensing data are used to localize parameters and ensure model accuracy, and
are combined with topographic maps to determine land-use type, slope, and waterlogged
ground. Watershed analysis based on the SCS-CN model is performed to obtain rainfall-runoff
data. The inundation area is then estimated from the rainfall data, and the spatial and temporal
distribution characteristics of the flood inundation area are analyzed from the perspective of
land use. Experimental results from a case study in Mingxi, China, verify the effectiveness of
this method for the analysis of flood inundation in urban mountainous areas.

1. Introduction

China experiences more severe natural disasters than most countries, and significant
economic loss and human casualties due to natural disasters are higher in China than worldwide
averages."” China frequently encounters flood and waterlogging disasters, which are sudden
and destructive and cause heavy losses to urban safety, industrial and agricultural production,
and residents.(+

A flood is a phenomenon in which the water level of a river and/or lake rises in a short
period of time to the point that it overflows into areas that normally have no water.) Flood
inundation analysis is an important part of flood prevention, and its timeliness and precision are
crucially related to disaster reduction.>*® Flood inundation analysis is typically implemented
using hydrological basin models to simulate the flood flow area on the basis of the water body’s

78 These models include the soil conservation service curve number

fluid characteristics.
(SCS-CN) model,” soil and water assessment tool (SWAT),(IO) erosion productivity impact

calculator (EPIC),"Y hydrologic modeling system (HEC-HMS),"'? FloodArea model,'® and
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TOPMODEL,™ which perform flood inundation analysis by calculating surface runoff using
rainfall and supporting data (e.g., soil type, slope, vegetation coverage, and land-use type).(15’16)
The SCS-CN model has been widely used because of its reasonable and basic hypothesis and
simple structure.”'>1% The curve number (CN) of the SCS-CN model, provided by a CN table,
is the only comprehensive parameter related to soil type, antecedent moisture condition (AMC),
land-use type, slope, and other factors.”!>19 However, this table is obtained from statistical
and genetic analyses based on the physical geography and hydrometeorological conditions of the
United States. The CN must therefore be localized to ensure the accuracy of flood inundation
analysis generated by the SCS-CN model in a specific basin.

Remote sensing technology offers a range of advantages for data acquisition (e.g., collection
of all-weather, all-directional, multiplatform, multispectral, multialtitude, multiangle,
multitemporal, and multispatial data) that can accurately reflect land-use and morphological
changes.®*17"19 To quantitatively analyze rainfall-runoff characteristics and obtain more
accurate flood inundation area estimates, we propose a new method of flood inundation analysis
based in the SCS-CN model using remote sensing data. We test the validity of our method in
the region of Mingxi, China. The results presented here provide a new method and data for
accurately assessing the range of flood inundation and risk in urban mountainous areas.

2. Materials and Methods
2.1 Study area

Mingxi is located in northwest Fujian province in China (26°08°-26°39" N, 116°47°—117°35" E)
with an area of 1705.6 km? (Fig. 1).?% There is a large difference in elevation from the north
(high) to the south (low). The terrain is mainly mountainous or hilly, accounting for 91.91% of
the total area, with a few plains (6.98%).(15 )
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Fig. 1. (Color online) Study area: Mingxi, China.
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2.2 Data

The data used in this study include satellite remote sensing images, digital evaluation models
(DEMs), administrative maps, and rainfall data of the study area (Table 1). Among them, the
satellite remote sensing images were classified to extract land-use type, the DEM data were
used for slope and hydrological analyses, and the rainfall data were used for runoff calculations
using the SCS-CN model.

2.3 Methods

The SCS-CN model requires appropriate parameter selection according to land-use type,
terrain, and parameter localization.?"*) The flood inundation analysis method proposed here
is divided into three steps: data pre-processing, rainfall-runoff calculation based on the SCS-CN
model, and flood inundation analysis. The specific technical route is shown in Fig. 2.

2.3.1 Data pre-processing

The inundation area is closely related to the land-use type, topography, and AMCs, all of
which require pre-processing. The geometric correction and image classification of the satellite
remote sensing data are performed to obtain the land-use type (e.g., cultivated land, garden,
woodland, urban/rural construction land, transportation construction land, water, grassland,
natural reserves, other agricultural land, and other construction land), and slope analysis is
performed using the DEM data.

Table 1
Details of the data used in this study.
Data Type Provider Purpose Description
Launched on April 15, 1999, Landsat7 is
capable of acquiring remote sensing images
Landsat? ETM<+ Raster USGS For lgnd-gse in six rr_lultispectral bands with 30 m spat.ial
classification resolution, one panchromatic band with
15 m spatial resolution, and one thermal
infrared band with 60 m spatial resolution.
For slope and The DEM with 90 m spatial resolution is
DEM Raster NASA generated by the Shuttle Radar Topography

hydrological analyses Mission (SRTM).

The vector data contain the boundary of
the study area at a scale of 1:50000.

The rainfall data are the monthly averages
Rainfall data Vector CMA For calculating runoff recorded by meteorological monitoring
stations.

Administrative maps ~ Vector NGCC For image cropping

ETM-+: Enhanced thematic mapper plus

DEM: Digital elevation model

USGS: United States Geological Survey

NASA: National Aeronautics and Space Administration
NGCC: National Geomatics Center of China

CMA: China Meteorological Administration
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Fig. 2. Technology roadmap.

2.3.2 Rainfall-runoff calculation

The SCS-CN model proposed by the soil conservation service of the United States
Department of Agriculture Soil Conservation Service comprehensively reflects the inundation
range of a river network and water system by accounting for various factors (e.g., rainfall, soil
type, land-use pattern, AMCs, and runoff).®!>!®)

different land-use types in different regions, the surface runoff of the region can be calculated
(15,16)

According to the infiltration capacity of

to simulate the flood inundation range.
The expression for surface runoff based on the SCS-CN model is as follows:

_(P-1)

= : 1)
P-I-+8

0

where O, P, S, and /¢ are surface runoff, total rainfall, rainwater consumption, and maximum
possible retention, respectively, all in millimeters.

I includes water absorption by trees, water storage in soil, and evaporation in air,®) and has
the following relationship with S:

Ic=18, ®)

where 4 is the regional parameter, which mainly depends on geographical and climatic factors,
and is usually 0.2.

S is a spatial variable related to soil texture, land use, slope, and other spatial factors,(9) and
is calculated as follows:

§=29400 o5y 3)
CN
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Among them, CN reflects the pre-rainfall soil and water conditions in the study area, and
represents the maximum storage capacity of the soil.?>?% In this study, CN is calculated
according to soil moisture, land-use type, and slope. Combined with the statistical yearbook
issued for Mingxi, the preliminary wetting condition, land-use type, and slope data can be
determined.®>?® From the CN table listed in the US National Engineering Manual, the CN
range of this study was determined to be 53—87.

2.3.3 Flood inundation analysis

Flood inundation analysis was conducted using the runoff calculation based on the SCS-CN
model and rainfall data.?”*® The runoff is related to water level, grid area, and grid elevation.
The specific equation is as follows:

0= (H )=V, @

i=1

where Q is the regional runoff, A is the flood level in the flood zone, V' is the grid area of each
discrete unit in the grid model data, 4; is the elevation of the ith grid, and # is the total number
of grids.

3. Results and Discussion

Image classification, slope analysis, and hydrological analysis were performed using the
satellite remote sensing data, DEM data, water body data, land-use type data, slope data, and
river network data obtained from the study area. The pre-processing results are shown in Fig. 3.

Forest land occupies the largest area in Mingxi with water areas mostly located in the
southeast and northwest. Urban and rural construction land, and transportation and water
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Fig. 3. (Color online) Image pre-processing results. (a) Land use and land cover of the study area. (b) Slope map. (c)
River network.
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conservancy land are mostly located in central and southeast Mingxi. The high-altitude
northwest contains steep slopes, whereas the southeast terrain is relatively flat with gentle
slopes. The river network is affected by topographic partitioning and fractured with no
coherent river system flowing through Mingxi.

Because the pre-precipitation soil moisture content and loss of vegetation root systems can
affect runoff, the AMC!"” is divided into three levels according to the antecedent precipitation
index (API). These include levels A (drought), B (normal), and C (moist). The specific
classification basis is shown in Table 2.

Little rainfall and low water content are observed on the surface from December to January,
a time that is prone to drought. From April to October, the surface water content is higher
and vegetation growth is enhanced. The permeability of the 10 different land-use types is
investigated and a CN is obtained for each land-use type (Fig. 4). The CN value of urban and
rural construction land is relatively high with the worst infiltration effects and poor surface
storage capacity. The CN values of cultivated land, garden, grassland, and natural reserve are
similar. The CN of forest land is relatively high because of the loss of rain water and natural
evaporation caused by tree canopies. Equation (1) is used with the precipitation data to calculate
the runoff data of each month and land-use type, as shown in Fig. 5.

The surface runoff in Mingxi presents an increasing and decreasing trend with precipitation
and is highest in April to August. From the land-use type analysis, runoff is determined to be
highest in the natural reserves and lowest in the construction land.

Table 2
Classification of AMC in the study area.
AMC Growing period Fallow period Month
Level A <36.2 <13.9 12,1,2,3
Level B 36.2-54.6 13.9-31.2 7,8,9,10, 11
Level C >54.6 >31.2 4,5,6
90
80
70 450 === Cultivated Land
60 400
50 150 === Garden
40
30 300 =~ Woodland
20 250
10 200 Grassland
150 === Other agricultural land
oﬁif@ j f qf 100
=@ Urban and Rural
W 50 Construction Land
d dé 0 =@ Traffic and Water
f 6“\ \‘,P(;\ﬁ,\‘(‘ & @'3\ \oov‘ \o‘t\ \&5} ({\oa\@ ot (\@a‘o‘-@a\ _.-(C;::E-erganctyl_a:d .
\'od - (& & L’E er Lonstruction Lan
ﬁ s{-’ & 0" & F
Fig. 4. (Color online) CN values of different Fig. 5. (Color online) Surface runoff in 2016.

land-use types.
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The flooded area of Mingxi is simulated according to the surface runoff day over 12 months
using the SCS-CN model. The results are shown in Fig. 6.
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(Color online) Results of inundation analysis of Mingxi, China, from January to December 2016.
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We use remote sensing data to localize CN and perform inundation analysis based
on rainfall data using the SCS-CN model. According to the simulation results of the
flooded areas, the main findings are as follows: (1) Precipitation is less in December and
February, and the irrigation area located in the low-lying farmland faces severe drought. (2)
Precipitation is greater from March to June, with a high possibility of a flood disaster. The
inundation simulation figure shows that the inundation area is mainly located in southeastern
and northwestern Mingxi. The terrain in the southeast is flat where residential areas are
concentrated, and the river system is extensive and suitable for farmland irrigation. When
rainfall is heavy, the water surface rises, frequently leading to flooding. Northwest of this area
shows slightly higher elevations with steeper slopes that are prone to landslides, debris flow,
and other disasters. (3) Analysis based on the land-use type revealed that the highest proportion
of inundation area is accounted for by other agricultural land.

4. Conclusions

In this study, we consider the advantages of remote sensing technology that reflects
surface morphological changes in both time and space. Parameter localization is achieved,
and an inundation analysis method based on the SCS-CN model using remote sensing data is
proposed. The main conclusions are as follows: (1) we have designed a technical process to
analyze mountainous flood inundation areas based on the SCS-CN model; (2) we have analyzed
simulations that show the risk and scope of flooding in Mingxi, China, for each month and
land-use type.

Flood and waterlogging disasters are complex problems, and their analysis can be
technically difficult. In this paper, we discuss the responses of various land-use types to flood
inundation. We present an inundation analysis model by considering different data types and
technical means, which can be useful for application to different river basins and environmental
scenarios. Future studies will analyze the economic consequences of flood inundation using
indicators such as gross national product.
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